Background. We conducted a phase III trial of personalized peptide vaccination (PPV) for human leukocyte antigen (HLA)-A24+ recurrent glioblastoma to develop a new treatment modality. Methods. We randomly assigned 88 recurrent glioblastoma patients to receive PPV (n = 58) or the placebo (n = 30) at a 2-to-1 ratio. Four of 12 warehouse peptides selected based on preexisting peptide-specific immunoglobulin G levels or the corresponding placebos were injected 1×/week for 12 weeks. Results. Our trial met neither the primary (overall survival [OS]) nor secondary endpoints. Unfavorable factors for OS of 58 PPV patients compared with 30 placebo patients were SART2-93 peptide selection (n = 13 vs 8, hazard ratio [HR]: 15.9), ≥70 years old (4 vs 4, 7.87), >70 kg body weight (10 vs 7, 4.11), and performance status (PS)3 (8 vs 2, 2.82), respectively. Consequently, the median OS for PPV patients without SART2-93 selection plus one of these 3 favorable factors (<70 y old, ≤70 kg, or PS0-2) was significantly longer than that for the corresponding placebo patients (HR: 0.49, 0.44, and 0.51), respectively. Preexisting immunity against both all 12 warehouse peptides besides SART2-93 and the other cytotoxic T lymphocyte epitope peptides was significantly depressed in the patients with SART2-93 selection (n = 21) compared with that of the patients without SART2-93 selection (n = 67). Biomarkers correlative for favorable OS of the PPV patients were a lower percentage of CD11b+CD14+HLA-DR low A randomized, double-blind, phase III trial of personalized peptide vaccination for recurrent glioblastoma 349 Narita et al. Recurrent GBM and peptide vaccination: phase III trial NeuroOncology immunosuppressive monocytes and a higher percentage of CD4+CD45RA− activated T cells, the intermediate levels of chemokine C-C ligand 2 (CCL2), vascular endothelial growth factor, interleukin (IL)-6, IL-17, or haptoglobin, respectively. Conclusion. This phase III trial met neither the primary nor secondary endpoints.
(Ig)G levels. 12 We next conducted a phase I and followup study of a PPV consisting of 14 peptides for HLA-A24-positive rGBM patients, and the results confirmed the safety and potential clinical benefits of PPV. 13 We describe herein the results of a randomized, doubleblind, phase III trial of PPV for HLA-A24-positive rGBM patients.
Patients and Methods
The details of these sections are given in Supplementary Appendix 2.
Patients and Peptide Vaccination
HLA-A24-positive patients with supratentorial rGBM that had been diagnosed histologically and proven refractory after standard temozolomide and radiotherapy were eligible for this study. The other major criteria required for inclusion were as follows: age of 18 to 74 years; positive IgG responses to at least 2 of 12 warehouse peptides (ITK-1) (Supplementary Table 1 ) in pre-vaccination plasma; Eastern Cooperative Oncology Group performance status (PS) of 0, 1, or 2; neurological PS3. A redacted protocol is shown in Supplementary Appendix 1. Patients were allocated at a 2-to-1 ratio by computer-generated block randomization to receive PPV plus best supportive care (BSC) or the placebo plus BSC, with the stratifications by PS (0
Importance of the Study
A new treatment modality to improve the OS of recurrent glioblastoma (rGBM) patients is needed, as they show extremely poor OS. Many clinical trials of immunotherapy in the past decades failed to provide clinical benefits for rGBM. Our randomized phase III trial of PPV did not meet either the primary or secondary endpoint for the enrolled patients. However, we found that PPV rather shortened the OS for patients with SART2-93 peptide selection, ≥70 years old, or >70 kg body weight, or PS3 compared with that for the corresponding placebo patients, respectively. Among these unfavorable factors, the SART2-93 selection was a predominant factor hampering the provision of clinical benefits of PPV for all the patients. We also found both the cellular and humoral biomarkers correlative for OS of both PPV patients and placebo patients. Furthermore, our results showed a contraindication of PPV for the patients whose pre-vaccination CCL2 level was not intermediate. All study protocols were approved by the institutional review board at each participating hospital. After a full explanation of the protocol, written informed consent was obtained from all patients before enrollment.
Study Design and Treatment
This was a randomized, double-blind, phase III trial of the PPV for HLA-A24-positive rGBM patients. Four of the 12 warehouse peptides selected based on the patient's preexisting peptide-specific IgG levels or the corresponding placebos were injected subcutaneously once weekly for 12 weeks during the first cycle, followed by biweekly vaccinations until disease progression. The primary endpoint was OS from the day of random assignment. Secondary endpoints were 1-year survival rate, antitumor responses, PFS, PFS at 6 months, peptide-specific IgG responses, and cytotoxic T lymphocyte (CTL) activity.
Toxicity and Patient Monitoring
Toxicity and general conditions were monitored at the time of each visit. Toxicity was evaluated using the Common Terminology Criteria for Adverse Events v4.0. MRI scans were obtained after the sixth and twelfth vaccinations during the first cycle followed by every fourth vaccination thereafter until progressive disease.
Immune Responses, Biomarker Studies
T-cell responses and IgG titers specific to the antigen peptides in peripheral blood were evaluated by interferon (IFN)-γ ELIspot (enzyme-linked immunosorbent spot) and bead-based multiplexed Luminex assay, respectively, before and after vaccination (at the end of each cycle or at the end of the trial), as described previously. [12] [13] [14] The association between immune response to the vaccinated peptides and OS was evaluated by a landmark method. 15 
Statistical Analysis
Kaplan-Meier method, log-rank test, Cox proportional hazards analysis, Student's t-test, the chi-square test, and Fisher's exact test were used for the statistical analyses.
Results

Patient Characteristics
From January 2012 to March 2016, rGBM patients (N = 162) from 20 neurosurgical centers in Japan underwent HLA typing for the clinical study of PPV in which 4 of 12 warehouse peptides (ITK-1) were selected by preexisting peptide-specific IgG levels. Of these patients, 57 were HLA-A24-negative, 12 patients did not meet the eligibility criteria, 1 patient dropped out voluntarily, and 2 patients were determined to be unsuitable for the study by physicians. A Consolidated Standards of Reporting Trials (CONSORT) diagram is shown in Fig. 1A . We randomly assigned the 90 eligible HLA-A24-positive rGBM patients to receive PPV treatment with BSC (n = 59, PPV group) or the placebo injection with BSC alone (n = 31, placebo group) at a 2-to-1 ratio, respectively. The 2:1 allocation was performed by computer-generated block randomization, with stratifications by PS (0 to 1 vs 2 to 3), the pathological diagnosis of GBM (primary vs secondary), and the prior bevacizumab treatment (without vs with). Two of the 90 patients dropped out before the first treatment and were therefore excluded from the full analysis. The baseline characteristics of the remaining 88 patients (58 for PPV and 30 for placebo) are shown in Table 1 
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Adverse Events
Adverse events (AEs) during the study are shown in Supplementary , respectively (P = 0.157). An independent committee evaluated that one grade 3 AE (pulmonary embolism) was the only PPV-related AE of grade ≥3 in this trial.
Clinical Efficacy
The median OS for the PPV (n = 58) and the placebo patients (n = 30) was 8.4 months (95% CI: 6.6-10.6 mo) and 8.0 (95% CI: 4.8-12.9), respectively (hazard ratio [HR]: 1.13, 95% CI: 0.6-1.9, P = 0.621) (Fig. 1B) . Then, our trial did not meet the primary endpoint. There was no significant difference of either the median PFS or 1 year survival rate between the PPV and the placebo patients (data not shown), indicating the secondary endpoints also failed.
Best clinical responses were evaluated by immunerelated (IR) response criteria using a guideline for the evaluation of immune therapy in solid tumors, as shown in Supplementary Table 4 and Supplementary Appendix 2. They were 3 and 0 cases of IR partial response, 21 and 9 of IR stable disease, and 33 and 19 of IR progressive disease for the evaluable 57 PPV and 27 placebo patients, respectively (data not shown).
Immune Responses
Peripheral blood samples were available for the study from 56 of 58 PPV patients. CTL activities specific to at least 1 of the 4 vaccinated peptides were boosted at least once throughout the vaccination in the post-vaccination peripheral blood mononuclear cells (PBMCs) from 38 of 56 PPV patients tested (68%), while IgG boosting was observed in the postvaccination plasma from 30 of 56 PPV patients (54%).
The association between immune response to the vaccinated peptides and OS for the PPV patients was evaluated by the landmark method in which the OS rates of the immune responders and nonresponders were compared by starting the clock at the end of the first cycle (twelfth vaccination), 13 weeks after randomization. Thirty-six of 58 PPV patients were dropped from the study at this time because of disease progression, and the remaining 22 patients were provided for measurement of peptide-specific IgG responses, with 17 patients showing IgG boosting and 5 patients showing no IgG boosting. The median for the responders or nonresponders was 10.3 months, 95% CI: 6.8-25.9 or 4.7, 2.2-not reached, respectively (HR: 0.59, 95% CI; 0.1-2.2, P = 0.418). CTL boosting was observed in 16 of 22 cases at that point.
Factors Involved in the Failure of Clinical Efficacy
We then conducted Cox regression analyses for the factors designed in the protocol to better understand the major factors involved in the failure of clinical efficacy. By a univariate analysis, the unfavorable factors exceeding HRs of 2.0 for OS of PPV patients compared with those of placebo patients were SART2-93 peptide selection, ≥70 years old, >70 kg body weight, and PS3 ( Fig. 2A) . The median OS for the 13 of 58 PPV patients with the SART2-93 peptide selection (6.6 mo, 95% CI: 3.8-12.1) was significantly shorter than that of the 8 of 30 corresponding placebo patients (22.0, 7.9-not reached) (HR: 15.9, 95% CI: 1.9-128.9, P < 0.001) (Fig. 2B) . Similar tendencies were obtained between the 4 PPV patients ≥70 years old and the corresponding 4 placebo patients (HR: 7.86, 95% CI: 0.8-73.3, P = 0.038) ( Supplementary Fig. 1A) , between 10 PPV patients with >70 kg weight, and the corresponding 7 placebo patients (HR: 4.11, 95% CI: 0.8-73.3, P = 0.047) ( Supplementary Fig. 1B) , as well as between the 8 PPV patients with PS3 and the corresponding 2 placebo patients (HR: 0.82, 95% CI: 0.3-23.4, P = 0.28) (data not shown). Consequently, the median OS for the PPV patients without SART2-93 selection plus one of the favorable 3 factors (<70 years old, ≤70 kg, or PS0-2) was significantly longer than that of the corresponding placebo patients, respectively. The median OS for the 42 PPV patients without SART2-93 selection and <70 years old (9.6 mo, 95% CI: 7.7-12.0) was significantly longer than that for the 18 corresponding placebo patients (4.7, 3.7-6.8) (HR: 0.49, 95% CI; 0.2-0.9, P = 0.031) (Fig. 2C) . Similar significant differences were obtained in the patients without SART2-93 selection and ≤70 kg ( Supplementary Fig. 1C ) or the patients without SART2-93 selection and PS0-2 ( Supplementary Fig. 1D ). The significant difference, however, was not observed in any of the combination of 2 or 3 favorable factors if the factor "without SART2-93 selection" was absent. Collectively, these results suggest that a predominant factor involved in this failure was the SART2-93 selection.
In contrast to those 4 unfavorable factors, a favorable factor for OS of PPV patients compared with that of placebo patients were MRP3-503 peptide selection ( Fig. 2A) . The median OS for the 18 of 58 PPV patients with the MRP3-503 peptide selection (8.7 mo, 95% CI: 5.9-12.6) was significantly longer than that of the 4 of 30 corresponding placebo patients (4.9 mo, 2.6-7.9) (HR: 0.26, 95% CI: 0.08-1.8, P = 0.049) (data not shown). This could be mainly due to the very short survival of only 4 placebo patients, but not due to the MRP3-503 peptide vaccination of the PPV patients, since the median OS for 18 PPV patients was almost equal to that of the entire 58 PPV patients (8.4 mo).
Multivariate analysis was conducted for each of the factors listed in Fig. 2A using the discrete scale, but none of them tested significantly affected OS between the PPV and placebo patients (data not shown).
Mechanisms Involved in the Different Clinical Efficacy Caused by SART2-93 Peptide Selection
To better understand why the SART2-93 peptide selection, but not any other 11 peptides, was a predominant unfavorable factor for OS of PPV patients compared with that of placebo patients, we compared the patient characteristics, including those listed in Table 1 and Fig. 2A , and biomarkers between the group of 67 patients with SART2-93
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selection (designated the SART2-93(−) group), and the group of the remaining 21 patients without the SART2-93 selection (the SART2-93(+) group). The percentage of patients receiving IFN prior to the entry or the selection of either of 2 peptides (SART2-161 or SART3-109), but not any others tested, was significantly lower or higher in the SART2-93(−) group compared with that in the SART2-93(+) group (Supplementary Tables 5 and 6) , respectively.
We then investigated the preexisting immune responses between these groups. The preexisting CTL responses against the peptides selected for PPV in rGBM patients entered in this study were very low, as expected from the results from the previously reported manuscripts. 12, 13 Under this circumstance, the positive CTL responses against each of the 4 peptides selected for the PPV were found in 13 of 268 wells of 11 of 67 patients from the SART2-93(−) group, with a total of 281 IFNγ spot numbers per 10 4 PBMCs, whereas these responses were found in only 1 of 84 wells of 1 of 21 patient from the SART2-93(+) group, with a total of 9 IFNγ spot numbers, respectively (P = 0.20, by Fisher's exact test). Notably, the peptide used for this 1 positive well in the SART2-93(+) group was SART2-93 peptide, indicating that the PBMCs from the SART2-93(+) group showed no detectable CTL responses against any of the remaining 11 peptides selected for PPV. CTL responses, however, against a mix of the control viral epitope peptides were equally found in both the 25 patients of the SART2-93(−) group, with a total of 8848 spot numbers and the 10 patients of the SART2-93(+) group, with a total of 6417 spot numbers (P = 0.43). Subsequently, the mean spot number per 10 5 PBMCs from the SART2-93(−) group against the selected 4 peptides was significantly (P = 0.018 by Student's t-test) higher than that from the SART2-93(+) group (Fig. 3A) , whereas it was not the case for the control viral epitope peptides (P = 0.605) (Fig. 3B) . The preexisting IgG responses in the SART2-93(−) group against the 4 peptides selected for the PPV were also significantly higher than those in the SART2-93(+) group (P = 0.001) (Fig. 3C) . Moreover, the preexisting IgG levels to 11 of 12 warehouse peptides (ie, all but the SART2-93 peptide) were higher in the SART2-93(−) group (Fig. 3D) .These results confirmed that the SART2-93 peptide was not selected in the SART2-93(−) group simply because of the higher IgG responses against the other 11 peptides, and indicated that PPV was more appropriate for the patients of SART2-93(−) group because of the higher immune responses to the peptides used for the PPV compared with the SART2-93(+) group. In contrast, PPV could not be recommended for the SART2-93(+) group due to the near absence of preexisting peptide-specific immunity against all 12 warehouse peptides besides the SART2-93 peptide.
We further investigated the preexisting IgG responses to the CTL epitope peptides other than 12 peptides shown above using 12 HLA-A2-restricted CTL peptides and 5 HLA-A3 super-type (A3, A11, A31, A33)-restricted CTL peptides. These peptides were used as warehouse peptides for PPV to cancer patients with HLA-A2 or HLA-A3, as reported in previous studies. 14 Samples were collected from the 62 of 67 patients in the SART2-9 3(−) group and all 21 patients in the SART2-93(+) group who provided written approval to participate in this study. The preexisting IgG levels to all 12 HLA-A2+ peptides were higher in the SART2-93(−) group (Fig. 3E) .Those to 4 of the 5 HLA-A3+ super-type peptides, with the exception being the PAP-248 peptide, were also higher in the SART2-93(−) group (Fig. 3F) . 
Biomarkers Predictive of OS for PPV or Placebo Patients
The following supplemental analyses were conducted additionally, apart from a protocol-based analysis shown above to provide novel information, if any, for the next step of clinical trial of PPV for rGBM patients. We at first investigated the changes in the immune cell subsets using the pre-and post-vaccination PBMCs from 37 of 58 PPV patients or 21 of 30 BSC patients for whom the cohort samples were available. There was no significant differences of the percentages of CD11b+CD14+HLA-DR low immunosuppressive monocytes between the pre-and postvaccination PBMCs of the PPV patients, whereas these cells significantly increased after the placebo injection in the BSC patients (data not shown). CD3+CD4+CD45RA− T cells with activated/memory T helper phenotype, CD3+CD8+CD45RA− T cells with activated/memory CTL phenotype, and CD4+CD25+FoxP3+ Treg cells were significantly decreased after PPV injection, suggesting that PPV induced these activated T cells to migrate from the circulation into tumor sites (data not shown).
We then investigated the correlation between OS and the percentages of these immune cell subsets of prevaccination PBMCs in the 45 available PPV patients. The median OS for PPV patients with a lower (less than the median) percentage of CD11b+CD14+HLA-DR low immunosuppressive monocytes was significantly longer than that with a higher (median or more) percentage of the corresponding cells (11.1 vs 8.0 mo, HR 0.46, 95% CI: 0.2-0.9, P = 0.027) (Fig. 4A) . Similar results were obtained on CD11b+CD14+HLA-DR− immunosuppressive monocytes (data not shown). In contrast, the median OS for PPV patients with a higher percentage of CD3+CD4+CD45RA− T cells was significantly longer than that with a lower percentage (11.1 vs 7.1 mo, HR 0.47, 95% CI: 0.2-0.9, P = 0.031) of the corresponding cells (Fig. 4B) . There was no significant correlation between OS of PPV patients and the other cell subsets tested (data not shown).
We then investigated the correlation between pre-vaccination soluble factors and OS in 53 PPV patients from whom plasma samples were available. None of 34 soluble factors tested besides CCL4 significantly correlated with OS when the median level was used as an indicator to discriminate one from the other, as in the past cytokine studies. [4] [5] [6] [7] [8] [9] [10] Exemption was CCL4. The median OS for patients with a higher CCL4 level (n = 26, the median or over) were significantly longer than that of patients with a lower CCL4 level (n = 27, less than the median) (10.1 mo, 95% CI: 5.9-12.2, vs 7.6 mo, 4.2-9.7, HR: 0.50, 95% CI: 0.2-0.9, P = 0.027) (data not shown).
To find more useful soluble biomarkers, if any, correlative to OS for PPV patients, the relationship between soluble factors and OS in each patient under PPV was investigated. The relations between these factors and the SART2-93 peptide selection, a risk factor for OS of the PPV patients, were also assessed to better understand the relation between soluble markers and peptide selection. As a result, the OS of both 9 of 10 patients from the lowest level and 4 of 6 PPV patients from the highest level of CCL2 had the OS below the median (Fig. 4C) , suggesting that the OS of PPV patients with either very low or high CCL2 levels (CCL2 low/high ) was 
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The median OS for the 22 placebo patients without SART2-93 selection (5.4 mo, 95% CI: 4.4-9.6) was significantly shorter than that of 8 placebo patients with SART2-93 selection (22, 7.9-not reached) (HR: 5.75, 95% CI: 1.8-24.9; P = 0.001), whereas the median OS for the 45 PPV patients without SART2-93 selection (9.1 mo, 95% CI: 7.3-11.0) was somewhat longer than that for 13 PPV patients with SART2-93 selection (6.6, 1.9-12.1) (HR 0.57, 95% CI: 0.3-11.0; P = 0.131) (data not shown). It is presently unclear why the OS for placebo patients with SART2-93 selection was significantly longer than that for placebo patients without SART2-93 selection. As far as we studied, a major difference between these groups was the near absence or presence of immune responses to CTL-epitope peptides against tumor-associated antigens provided for PPV, but not those against viral epitope peptides. Further studies with a relatively large number of rGBM patients shall be conducted to confirm whether the near absence of immune responses to the tumor-associated antigens is a favorable biomarker for OS of rGBM patients.
A trend of the shorter OS for PPV patients with SART2-93 selection compared with that for PPV patients without SART2-93 selection might be explained in part by an idea that a therapeutic cancer vaccine without substantial preexisting immunity against the vaccinated peptides might shorten the Pre-vaccination CCL2 level (pg/mL) 6 6 7 4 8 4 9 7 9 8 1 0 2 1 0 7 1 1 9 1 2 1 1 2 8 1 4 3 1 4 5 1 5 1 1 5 6 1 6 3 1 6 5 1 7 6 1 7 7 1 9 9 2 1 4 2 1 9 2 2 0 2 2 5 2 4 1 6 7 3 7 2 3 9 4 2 9 5 OS of some advanced cancer patients by inducing inconvenient antitumor responses. Indeed, the results of our previously conducted nonpersonalized therapeutic peptide vaccine for advanced cancer patients supported such an assumption. 18 Further clinical study of PPV with a relatively large number of rGBM patients shall also be conducted to solve this issue.
We could not clearly explain why pre-vaccination CCL-2 largely influenced the SART2-93(−) PPV patients using the small scale of the samples. This issue shall be reexamined in the next step of clinical trials.
Isocitrate dehydrogenase 1 (IDH1) mutation was examined by immune-histochemical staining with anti-IDH1-R132H monoclonal antibody in 83 patients (53 PPV and 30 placebo patients) from whom the written informed consents were obtained. IDH mutation was positive in 12 of 83 patients (6 of 53 PPV or 6 of 30 placebo patients), respectively. Prevaccination CTL (P = 0.16) or IgG (P < 0.01) levels used for the vaccination in IDH mutation(+) patients were lower than those of IDH mutation(−) patients, respectively. Postvaccination CTL boosting was observed in 2 of 4 mutation(+) or 31 of 46 mutation(−) patients tested under PPV, while the post-vaccination IgG boosting was observed in 2 of 4 mutation(+) or 26 of 46 mutation(−) patients under PPV, respectively. Median OS of 6 mutation(+) or 47 mutation(−) PPV patients was 6.7 or 8.6 months, while that of 6 mutation(+) or 24 mutation(−) placebo patients was 4.6 or 8.0 months, respectively. These results suggest that IDH gene mutation did not affect the peptide-specific immune responses of the PPV patients. These results also did not support IDH mutation as a favorable marker for OS of PPV or placebo patients in this small scale of the study for recurrent GBM patients. We did not examine O 6 -methylguanine-DNA methyltransferase methylation status primarily because the available tumor samples were very limited, and all the patients failed therapy with temozolomide prior to the entry for PPV plus BSC or placebo plus BSC. These issues need to be confirmed (IDH1) or tested (MGMT) in the next study with relatively large numbers of patients.
